INTRODUCTION
Despite significant progress in recent decades, the morbidity associated with lung transplant (LT) remains unacceptably high 1, 2, 3 . Primary graft dysfunction (PGD) is a form of acute respiratory distress syndrome that occurs in the first 72 hours after allograft reperfusion in lung transplant recipients (LTr) 4 . It remains the most common early complication of LT and contributes significantly to patients' morbidity and mortality 1, 2, 5, 6, 7 . PGD is the end result of a series of hits occurring from the time of brain death to the time of lung reperfusion. Ischemia-reperfusion injury has been identified as its main cause 8 .
Preoperative pulmonary hypertension (PH) is common among patients with respiratory
diseases who are undergoing LT 9 and is associated with worse outcomes 10, 11 . One possible explanation for this link is PGD 12, 13 . In fact, a recent meta-analysis has identified primary pulmonary hypertension and mean pulmonary arterial pressure (mPAP) as significant risk factors for severe PGD development 7 . Several studies have analysed factors involved in the pathogenesis of PH and PGD in LTr, including a greater endothelial injury from hemodynamic forces, inherent abnormalities in coagulation or inflammation, platelet activation, and cell adhesion 14, 15 . But its underlying mechanism is not completely understood. It has also been hypothesized that an exacerbation of ischemic-reperfusion lung injury, due to the hemodynamic forces caused by a ''well-trained'' hyperdynamic right ventricle (RV) contracting against a reduced pulmonary vascular resistance of the implanted lungs, may also play a role in PGD development 16, 17 . To our knowledge, however, the role of RV in the development of PGD has not been clarified.
The assessment of right ventricular function (RVF) has become increasingly important in the management of patients with PH 18, 19 . This may also be the case in LTr.
Quantification of RVF remains a challenge; because of its complex geometry, conventional two-dimensional (2D) echocardiography does not provide a comprehensive evaluation 20 . Speckle-tracking echocardiography is a relatively new, The main objective of this study is to analyse the possible role of RVF in severe PGD development. We hypothesized that pulmonary hyperflow generated by a "well-trained" RV, facing reduced pulmonary vascular resistance after lung implantation, may generate a higher degree of pulmonary edema and hence may be a risk factor for PGD development. To assess this possibility we evaluated RVF using conventional echocardiography techniques and Speckle-tracking echocardiography.
METHODS

Study design
A retrospective analysis of a prospectively assessed cohort was performed at a single institution (Vall d'Hebron University Hospital, Barcelona, Spain). All LTr admitted between July 2010 and June 2013 were included. Healthy subjects matched by age and sex were used as controls.
The study was approved by the Clinical Research Ethics Committee of Vall d'Hebron
University Hospital (PR (AG) 144/2013). The need for informed consent was waived because of the non-interventional nature of the study.
Study Population
One hundred and eighty-two LTr were considered for inclusion. Sixty-two patients were excluded for lack of systolic pulmonary arterial pressure (sPAP) data ( Figure 1 ). In addition to echocardiographic or cardiac catheterization sPAP data, patients' demographic data (gender, age and lung pathology) were recorded. Data regarding intraoperative multiple transfusion, use of inhaled nitric oxide (iNO), cardiopulmonary bypass and ischemic time were also collected.
As current guidelines stress the lack of normative data regarding RV strain 20 , twenty healthy volunteers recruited from the database of Vall d'Hebron Hospital Echocardiography Department and matched for age and sex were included as a control group.
Definition of primary graft dysfunction
The primary outcome was PGD grade 3 (PGD3) recorded during the first 72 hours 
Echocardiography
We collected data from echocardiograms performed by expert echocardiographers from the Cardiology Department during LT evaluation (acquired during the year before the LT). Routine digital gray scale 2D and tissue Doppler cine loops were obtained, in accordance with current guidelines 31 . RVF was evaluated from apical four-chamber images 20 . After acquiring images, an expert echocardiographer performed the blinded offline study.
Conventional echocardiographic assessment of RV was performed using three different parameters. First, RV Fractional Area Change was obtained by tracing the RV endocardium in both systole and diastole, and was calculated as follows: RV Fractional Area Change = (RV end-diastolic area -RV end-systolic area)/ RV end-diastolic area x 100%. Secondly, the TAPSE was calculated as the total excursion of free wall tricuspid annulus from its highest position to the peak descent during ventricular systole by means of the M-mode. Finally, the Doppler-derived tricuspid lateral annular systolic velocity was measured by the peak systolic velocity of the lateral corner of the tricuspid annulus 20 .
Speckle-tracking echocardiography of RV free wall was performed using a routine gray scale modified apical four-chamber view 20 . The measurements were performed offline with dedicated software (EchoPAC version BTO8; GE Vingmed Ultrasound). The RV free wall was divided into three standard segments (basal, middle, and apical), and then time-strain curves were generated. We evaluated only the RV free wall because previous studies have demonstrated a good correlation between free wall RV 2D-Strain, RV ejection and RV end-systolic volume measured using cardiac magnetic resonance 20,23,26,27 . Longitudinal Strain and Strain Rate data were collected.
Longitudinal Strain measures the percentage of myocardial deformation. As the RV contracts, the muscle shortens in the longitudinal and circumferential dimensions (negative strain). Strain rate measures the time course of deformation.
Outcome measures
The primary outcome was to study the relationship between PGD3 development and preoperative RVF.
Secondary outcomes analysed were other possible risk factors for PGD3 development, morbidity and mortality, as well as the characterization of LTr RVF changes by conventional ultrasound methods and 2D-Strain.
Statistical analysis
The statistical analysis was performed with SPSS (release 18.0, SPSS Inc., Chicago, Illinois, USA). Baseline characteristics were expressed as mean (standard deviation)
for continuous variables and frequencies (percentage) for categorical variables.
Comparisons between groups were made with the Chi-square or Fisher's test for categorical variables, and analysis of the variance (ANOVA) or student "t" test for continuous variables. Differences in these variables were assessed according to PGD3
development. Comparisons were considered significant in the presence of a P value <0.05. Discrimination of significant variables was tested by calculating the area of receiver operating characteristic curve (ROC). Multivariate logistic regression was used to identify which variables were independently associated with PGD3 development.
Variables with p<0.1 in the univariate analysis were introduced into the multivariate model. Finally, we assessed the effect of all potential confounding variables on the variables that were independently associated with the development of PGD3.
Confounding was defined as a change in the OR of 15% or greater on adjustment. In order to prevent model overfitting, we introduced all potential confounding variables one at time.
RESULTS
One hundred and twenty LTr were included, of whom 46% developed PGD3 in the first 72 hours of the postoperative period (Figure 1 ). Despite the significant morbidity and mortality in patients who develop PGD, the associated risk factors remain controversial. A recent meta-analysis showed that female gender, preoperative diagnosis of pulmonary fibrosis or primary PH, use of cardiopulmonary bypass, multiple transfusions and mPAP were significantly and consistently associated with development of PGD 7 . Our study observed no differences in gender, preoperative diagnosis, use of CPB or multiple transfusions; however, we found that a higher ischemic time is related to the development of PGD3 8, 13 .
Intraoperative use of iNO was more frequent in patients with PGD: this should not be considered a risk factor for PGD but a consequence of the appearance of intraoperative hypoxemia 7, 8 . However, we cannot rule out the possible role of iNO in decreasing RV afterload and enhancing RVF.
Primary PH is the most significant risk factor for PGD 11, 14, 34 . As we pointed out above, the results of a recent meta-analysis showed strong associations between primary PH and mPAP with PGD 8 . We also observed an association between sPAP and PGD3. These findings are especially important for two reasons. First, they provide further evidence of the pathophysiology of PGD. Second, they might allow an assessment of the effectiveness of new potential treatment strategies, such as the progressive intraoperative reintroduction of pulmonary flow, in patients with a high risk of PGD development in whom these strategies could provide more benefits in terms of pulmonary edema reduction 16, 33, 34 .
This study has some limitations. The first is that, due to its retrospective nature, donor characteristics were not available and the time between echocardiographic evaluation and LT was variable. Moreover, even though more than 100 patients were included, the possibility of a beta-type error cannot be entirely ruled out. Therefore the results obtained need to be confirmed in a prospective study in which echocardiography is evaluated immediately before transplant. Second, the speckle-tracking technique involves manual tracing of the endocardial border, which requires special care and may be particularly difficult in the apical regions of the free wall. Finally, not all sPAP data were recorded from RHC; some of them were obtained by means of echocardiography.
However, in the 32 patients who had catheterization and echocardiography sPAP data, mean catheterization sPAP was 46 mmHg (+-25) and mean echocardiography sPAP 50 mmHg (+-26) (p=0.148), with a correlation coefficient of 0.77 (p<0.01). Therefore, the two methods produced broadly similar clinical results.
Nevertheless, despite these potential limitations, this is the first study to demonstrate the importance of RVF in the appearance of PGD. We believe that the results provide new evidence regarding the pathophysiology of PGD, which is the most common early complication of LT and contributes significantly to patient morbidity and mortality.
Understanding the mechanisms that lead to PGD is vital for designing therapeutic strategies focused on PGD prevention that can improve outcomes in LTr patients.
In summary, the present study is the first to demonstrate that RVF, measured by BLS, is an independent risk factor for severe PGD development. Therefore, accurate preoperative RVF assessment by means of 2D-Strain is essential to identify LTr at a higher risk of PGD development who would benefit the most from an extremely careful perioperative management strategy able to limit pulmonary overflow. 
